We present a novel frequency-domain image registration technique, which employs histograms of oriented gradients providing subpixel estimates. Our method involves image filtering using dense Histogram of Oriented Gradients (HOG), which provides an advanced representation of the images coping with real-world registration problems such as non-overlapping regions and small deformations.
tive frames of a moving sequence), the sub-pixel motion estimation problem can 96 be recast as finding the rank one approximation to that matrix. This can be 97 achieved by using Singular Value Decomposition (SVD) followed by the identifi-98 cation of the left and right singular vectors. These vectors allow the construction 99 of a set of normal equations, which can be solved to yield the required estimate. 100 The work in [16] is a noise-robust extension to [15] , where noise is assumed to be 101 AWGN. The authors in [17] derive the exact parametric model of the phase dif- the required motion estimates. An extension to the method for the additional 121 estimation of planar rotation has been proposed in [19] . 122 Foroosh et al. [20] showed that the phase correlation function is the Dirich-123 let kernel and provided analytic results for the estimation of the subpixel shifts 124 using the sinc approximation. According to [20] , images mutually shifted by a 125 sub-pixel amount can be assumed as having been obtained by an integer pixel 126 displacement on a higher resolution grid followed by subsampling. This assump-127 tion allows the analytic computation of the normalised cross-power spectrum as 128 a polyphase decomposition of a filtered unit impulse. The authors demonstrate Figure 5 : A frame of each video sequence that was used in our evaluation process. are given by
HOG-PC for Subpixel Registration
where Ω = {x : −1/2 ≤ x ≤ 1/2}, k = [k, l] T ∈ Z 2 and ω 0 = 2π. If we sample 
where −N/2 ≤ k < N/2 and denotes convolution.
151
Moving to the shifted version of the image [23], given by the equation (1) 152 with t = [t x , t y ] T , {t : −1 < N t < 1}. Sampling with D in a similar fashion we 153 get I 2 and its DFT is given based on the Fourier shift property by
Assuming no aliasing and combining equations (3) and (4) we have 
where * denotes complex conjugate and F −1 the inverse Fourier transform.
163
Regarding the differences with the work in [23] the two main ones are high-
164
lighted. The first is in the data representation used for motion estimation. In in contrary to [23] , we found that our method does not benefit from the rank-1 170 approximation to the correlation function. In this section, we introduce the proposed phase correlation algorithm based 173 on histogram of oriented gradients (HOG-PC). Note that the proposed dense 174 representation is quite different from the traditional representation of a block 175 (or patch) based on HOG. The latter achieves invariance to small translational 176 displacements and hence does not appear to be suitable for motion estimation.
177
In contrast, we propose to use a very dense representation by calculating a de- is obtained through the use of simple interpolation schemes [6, 7] . 188 We first describe the traditional HOG descriptor. HOG uses the normalized is applied to its neighbouring pixels giving us the gradient vector g. Figure 6 : The PSNR values for the Akiyo sequence versus the frame number for all the block sizes.
The obtained features are then vectorised as a θ−dimensional descriptor
In this case the θ-dimensional descriptor refers to the number of bins at the 206 histogram with each one of these bins to correspond to an angle range.
207
Having defined HOG for a single cell, we now turn to the proposed dense 208 HOG representation. For I i , i = 1, 2, we extract d from (9) at each pixel
The resulting histograms can be re-arranged as a multi-channel feature repre- To estimate the subpixel shift t from (1) using HOG-PC, we simply compute 213 the correlation between the two multi-channel representation:
and find t = arg max m HOGP C(m). We can estimate sub-pixel accuracy reg-215 istration t 0 = (x 0 , y 0 ) by fitting a 1D kernel to the vicinity of the maximum on 216 the correlation surface. A parametric kernel is used, which can adapt its shape 217 to fit the correlation functions as well as to provide accurate estimates of the 218 subpixel shifts. Based on the work in [23] a reasonable choice for our kernel is 219 given by
which is a simple modification of the mexican hat wavelet [24] . To estimate y 0 , we set up a similar problem with the kernel defined as
Our algorithm estimates the kernel parameters {x 0 , p = [p 1 , p 2 , p 3 ] T } and {y 0 , q =
221
[q 1 , q 2 , q 3 ] T } in a least-squares sense. In more details, the kernel including the 222 subpixel shift (x 0 , y 0 ) to be estimated is defined in the continuous domain, hence 223 it allows (in both theory and practice) for the estimation of any subpixel shift.
224
The choice of the kernel is related to the shape of the dense HOG correlation 225 function. We found that the Mexican hat wavelet provides a good approxima-226 tion to the underlying function enabling in practice the very accurate estimation 227 of the subpixel shifts. Figure 9 : The PSNR values for the Foreman sequence versus the frame number for all the block sizes.
Results

229
To evaluate and illustrate the efficiency of the proposed scheme a compar- 
where M SE I is the mean square error of the original and motion compensated 249 frames.
250
The performance of the proposed HOGP C scheme is compared with more 251 than five popular P C based methods [15, 20, 22, 6, 17, 7, 23, 9] 255 approach applies a linear weighting of the height of the main peak on the one 256 hand and the difference between its two neighboring side-peaks on the other.
257
In the second part of our evaluation process, experiments were performed 258 using read video sequences and applying block based motion estimation. 
where n is the number of blocks in the frame. Consequently, a good qual-289 ity estimate is expected to minimize MSE, which provides the accuracy of the are in Table 13 showing that most of the methods to have similar performance 322 with the one in [22] and the proposed HOG-PC to result the best performance.
323
The main advantage of the method in [22] is that very large blocks 256 × 256 324 are used in these experiments based on the MR data with ground truth. The
325
proposed method outperforms significantly the other methods mainly in cases 326 of small blocks e.g. 8 × 8 which are commonly used in the case of the video 327 sequences and demonstrated in the previous section.
328
Overall the complexity of the proposed HOG-PC is higher compared to most 329 of the other approaches due to the computational power required for the pre- In this paper, a phase correlation technique based on histograms of oriented 337 gradients that operates in the frequency domain for subpixel image registration 338 was presented. The proposed method takes full account of all the advantages 339 of HOG filter providing especially higher accuracy in small block sizes. One of 340 the most attractive features of the proposed scheme is that it retains the ori- 
